Over the past several decades, extensive efforts have been undertaken to find methods to synthesize advanced electrocatalysts that possess rationally controllable sizes, shapes, crystallinities, compositions and structures for efficient energy conversion technologies. Of these methods, the one-pot seedless synthetic method in aqueous solution at ambient temperature has attracted extensive attention from researchers because it is a simple, inexpensive, energy-efficient, safe and less toxic method for the synthesis of electrocatalytic nanomaterials. In this review, recent developments in one-pot seedless synthetic strategies for the design of various structures of Au, Pt, Pd, Ag and multimetallic nanocrystals in aqueous solutions at ambient temperatures will be introduced, primarily focusing on the structure-electrocatalytic performance relationships of the as-prepared metal nanocrystals. Current challenges and outlooks for future research directions will also be provided in this promising research field.
Introduction
With growing concerns over increased fossil fuel consumption, rapid climate change and worldwide environmental deterioration, the search for clean and renewable energy sources is urgently required [1] [2] [3] . Currently, electrocatalytic processes such as the water cycle, carbon cycle and nitrogen cycle are promising processes for the production of clean energy and the remediation of environmental issues [4] [5] [6] [7] . And as a core component of these electrochemical processes, electrocatalysts play a pivotal role. Therefore, the pursuit of advanced electrocatalysts is highly needed [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , and in general, metal materials are usually used for the various reactions. However, because of the scarcity of metal materials, metal nanocrystals have attracted a significant attention recently because of their higher atomic utilization and increased active sites as compared with those of bulk materials, leading to enhanced performances [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Here, researchers have reported that the tailoring of sizes, shapes, structures, compositions and crystallinities of metal nanocrystals can further enhance electrocatalytic performances [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] , resulting in extensive studies into the well-controlled synthesis of metal nanocrystals.
And of the explored synthesis methods, wet chemical method is currently considered the best way to achieve the fine control over synthesis of metal nanocrystals [53] [54] [55] [56] . The search for a simple, inexpensive, energy-efficient, safe and less toxic wet chemical route toward synthesis of metal nanocrystals is highly required to promote electrocatalyst for commercial application of these electrocatalysts [57] . Aqueous solvents can provide a non-toxic, non-flammable and environmentally favorable route to produce metal nanocrystals. In addition, the reduction of metal precursors can be readily achieved through the introduction of various reducing agents that are safe and easy to handle in aqueous synthesis methods, and water is also a cheap solvent that can dissolve many common metal salts, reductants and surfactants. On the other hand, the seedless method has drawn enormous attention. This is because compared with traditional seeded-mediated growth protocols, the simple seedless method possesses advantages such as: (1) the seedless synthetic process can generally be completed much faster than the seeded synthetic process; and (2) the maneuverability of the seedless synthesis is better than that of seeded synthesis processes which are limited by multistep processes [58] .
In this review, the latest progresses in the one-pot seedless design of metal nanostructures in aqueous solutions at ambient temperatures will be introduced, with a focus on representative examples of high-performance electrocatalytic applications of the as-prepared metal nanostructures. More significantly, the structure-electrocatalytic performance relationships of the as-prepared metal nanostructures will be highlighted. Furthermore, current challenges and prospects in this field will be discussed.
Controllable Synthesis of Different Metal Nanostructures

Au
Nanoparticles possessing hollow nanoporous structures hold special attention in the electrocatalysis field due to their fast mass diffusivity, large electroactive surface area and high density of highly active surface sites, leading to superior performances [59] . In one example, Pedireddy et al. [60] . synthesized Au nanoparticles with a hollow nanoporous structure through the reduction of HAuCl 4 using hydroquinone as a reducing agent and polyvinylpyrrolidone (PVP) as a surfactant in the presence of Ag + ions and reported that the resulting gold nanoparticles with the hollow nanoporous structure exhibited ~ 1.4 times higher catalytic activity for methanol oxidation reactions (MOR) and improved tolerance toward carbonaceous species than solid gold nanoparticles. In this experiment, the researchers washed the resulting solution with concentrated NH 4 OH to remove the inner AgCl formed during the reaction to obtain the Au nanoparticles with a hollow nanoporous structure ( Fig. 1) and suggested that the pivotal step for the formation of nanoporous Au nanoparticles was the hetero-epitaxial growth of Au on the surface of AgCl. Aside from hollow nanoporous structures, Ma et al. [61] also synthesized trisoctahedral Au nanocrystals (Fig. 2a, b ) enclosed by 24 {221} highindex facets based on the fact that high-index facets possess high densities of atomic steps, kinks and edges on their surface, and the fact that these active sites are especially important for the breaking of chemical bonds to enhance electrocatalytic performances in catalytic reactions [62, 63] . In this experiment, the as-prepared nanocrystals were synthesized through the simple reduction of an aqueous solution of HAuCl 4 with ascorbic acid (AA) in the presence of Fig. 1 a-c A schematic of the synthetic route for the formation of hollow nanoporous gold nanoparticles using AgCl as a sacrificial template. d-f Representative SEM images obtained at corresponding stages of the formation of nanoporous gold nanoparticles. d-f Scale bars: 200 nm. Source: a-f Reproduced with permission from Ref. [60] cetyltrimethylammonium chloride (CTAC). In addition, the researchers reported that if CTAC was substituted by cetyltrimethylammonium bromide (CTAB) with all other experimental conditions kept the same, rod-like (Fig. 2c ) structures were observed in the product relative to trisoctahedral Au nanocrystals, indicating that Cl − ions play an important role in the formation of trisoctahedral nanocrystals. Similarly, the researchers in this study also reported that long-chain CTA + ions play an important role in the formation of trisoctahedral nanocrystals because spherical particles (Fig. 2d) resulted if comparable amounts of NaCl instead of CTAC were introduced in the synthesis.
Au nanorods have also attracted great attention from researchers recently because of their enclosure by high-index facets, leading to enhanced electrocatalytic performances [64] [65] [66] [67] . For example, Jana et al. [68] developed a smart onepot seedless growth method by modifying the seed-mediated growth method through the reduction of HAuCl 4 using AA and NaBH 4 as reducing agents and CTAB as a surfactant in the presence of Ag + ions in 2005 (Fig. 3a) . And in this study, instead of the use of preformed seeds as is the case in seed-mediated growth methods, the seeds were in situ generated through the addition of small amounts of stronger reducing agent NaBH 4 . This ability for gram-scale synthesis and simplicity makes one-pot seedless growth methods fascinating, and after this study by Jana et al. [68] . Lai et al. [69] developed a facile one-pot seedless growth route using a binary surfactant system to synthesize Au nanorods with significantly improved size uniformity relative to previous one-pot seedless growth methods using a single surfactant (Fig. 3b) . Furthermore, Bao et al. [65] reported in their study that Au nanorods enclosed by stepped {730} facets facilitated electrocatalytic N 2 reduction reactions with high production yields under room temperature and atmospheric pressure. In another example, Zhu et al. [70] prepared Au wavy nanowires, a 1D Au nanostructure, through a facile method (Fig. 3c,  d ) based on the fact that1D structures possess unique features such as lower surface defect sites, fewer lattice boundaries and lower vulnerability to Ostwald ripening, dissolution and aggregation, and can lead to enhanced electrocatalytic performances [9, 52, 71] . In this study, the synthesis involved the reduction of HAuCl 4 by AA in the presence of CTAB, followed by the addition of an NaOH solution. The researchers reported that the nanowires formed as a result of particle 1 3 attachment of the initially formed nanoparticles, followed by surface diffusion, cold welding and additional growth. Furthermore, the Au wavy nanowires were found to be concentrated at the air/water interface during the synthesis and the CTAB molecules adsorbed on the surface of the Au nanostructures were found to experience structural change from a hydrophilic bilayer to a hydrophobic monolayer, driving the Au wavy nanowires to the air/water interface. Overall, [75] . Source: c Reproduced with permission from Ref. [76] the assembly of 1D nanomaterials into 2D free-standing nanomembranes that possess nanometer-scale thicknesses across macroscopic dimensions, combining robustness with flexibility, makes them promising candidates for electrocatalytic applications [72] [73] [74] .
Monodispersed triangular Au nanoplates with tailored edge lengths and tunable surface plasmon resonances properties were also prepared by Chen et al. [75] (Fig. 4a, b ) in which CTAC was first mixed with a shape-directing agent (KI), followed by the addition of a sodium tetrachloroaurate solution (obtained by mixing NaOH with HAuCl 4 ). Here, the addition of AA quickly reduces Au 3+ to Au + , and finally, a certain amount of NaOH was rapidly added into the solution to initiate the reduction of Au + . In this study, the researchers reported that iodide ions can have dual functions, in which it can both selectively bind to Au {111} facets and remove other less stable shape impurities through oxidative etching, facilitating the formation of nuclei with a dominant planar structure. Aside from triangular Au nanoplates, Au nanobelts have also been prepared through reduction of HAuCl 4 with glucose as a reductant under sonication (Fig. 4c) [76] , and it has been reported that the sonochemical method is advantageous as it is non-hazardous and rapid in terms of reaction rates.
Pt
Currently, Pt is the most intensively used electrocatalyst due to its outstanding catalytic performances [29, [77] [78] [79] [80] [81] [82] , and dendritic Pt nanoparticles are particularly desirable for the improvement of catalytic performances because they generally exhibit large specific surface areas (decreased noblemetal amounts) and high specific activities as a result of rich edges and corner atoms [83] [84] [85] . For example, Wang et al. [86] prepared dendritic Pt nanoparticles (Fig. 5a ) through a process in which AA was quickly added into a small beaker containing a K 2 PtCl 4 aqueous solution containing Pluronic F127 (PEO 100 PPO 65 PEO 100 ) and the resulting mixture solution was placed into an ultrasonic bath for 10 min. In this synthesis, Pluronic F127 molecules can not only act as a protecting agent but can also play the role of the structuredirecting agent to synthesize dendritic structures. Furthermore, the PEO group in Pluronic F127 was found to form a crown-ether-like conformation, similar to a cavity structure in the aqueous solution, and the hydrophobic PPO groups in the Pluronic F127 were found to adsorb favorably onto the surface of the deposited metal. Additionally, the researchers reported that the Pluronic chains adsorbed on the Pt surface Source: a-b Reproduced with permission from Ref. [95, 96] , respectively during Pt deposition in this system can form cavities and facilitate the formation of dendritic structures.
In addition to dendritic Pt nanoparticles, 2D metal nanostructures have also recently attracted a significant attention in electrocatalytic studies because they possess greater contact between interfacial areas and supports than nanowires or nanoparticles, achieving better electrocatalytic stabilities [88, 89] . Based on this, Song et al. [87] prepared and studied Pt nanowheels (Fig. 5b ) using a bicellar template in which bicelles were obtained through the self-assembly of two oppositely charged single-chain surfactants. Here, Pt reduction was conducted using AA as a reducing agent in an aqueous solution containing K 2 PtCl 4 , CTAB and sodium perfluorooctanoate (FC7) for 1 h to obtain the final product. The researchers here reported that the average diameter of the resulting Pt nanostructures was about 496 nm and that the branches were 2~8 nm in width with 1~4 nm spaces in between.
Pd
Pd is a potential alternative to Pt in many electrocatalytic reactions because of its comparable performance at substantially lower costs (only 40% of the cost of Pt) [90] [91] [92] .
Researchers have reported that uniform, well-defined atomic structures on surfaces can maximize electrocatalytic performances and minimize precious and rare metal loading [93, 94] , and recently, Pd nanocubes enclosed by {100} facets have been synthesized (Fig. 6a) by Chang et al. [95] through the reduction of a K 2 PdCl 6 aqueous solution in the presence of CTAB, AA and NaOH.
Aside from Pd nanocubes, porous Pd nanostructures with perpendicular pore channels have also been prepared in which the presence of perpendicular pore channels in dendritic/porous nanostructures can allow for high accessibility to active sites. Therefore, the introduction of ordered channels is important for the further enhancement of electrocatalytic properties in terms of dendritic/porous nanostructures. For example, Huang et al. [96] prepared porous Pd nanostructures with perpendicular pore channels (Fig. 6b ) in a typical synthesis in which an aqueous solution of Na 2 PdCl 4 and hexadecylpyridinium chloride (HDPC) was added into a vial, homogeneous mixed, and gently shaken with freshly prepared aqueous AA solution being rapidly added at the same time. The resulting mixture was subsequently kept undisturbed at room temperature for 3 h to obtain the final product. Here, the researchers reported that in the present synthesis, the selective use of HDPC was pivotal for the Source: a-b Reproduced with permission from Ref. [97] . Source: c Reproduced with permission from Ref. [98] formation of porous Pd nanostructures with perpendicular pore channels and that reactions in the absence of the HDPC surfactant resulted in irregular nanoparticles. Furthermore, the researchers reported that if HDPC was replaced with CTAC, irregular nanoparticles with sizes between 20 nm and 100 nm were obtained, and attributed the fact that HDPC can produce porous Pd nanostructures with perpendicular pore channels with higher regularity than CTAC mainly to the special polarizability and compactness of the headgroup.
Ag
Pioneered by Mirkin et al. [97] , the solution phase synthesis of silver nanoplates (Fig. 7a, b) has been well developed, involving the reduction of AgNO 3 with NaBH 4 in the presence of trisodium citrate (TSC), polyvinylpyrrolidone (PVP) and H 2 O 2 . Here, the creation of crystal defects such as twins or stacking faults in the initial seed using citrate is believed to be key to the break in cubic symmetry, in which if citrate was removed from the reaction mixture, only silver nanoparticles can be obtained. However, recent reports have revealed that light irradiation and dissolved O 2 are also essential for initiating the formation of nanoplates, and that the continued growth of nanoplates is supported by oxidative etching and subsequent reduction of Ag through H 2 O 2 ( Fig. 7c) [98, 99] .
Furthermore, researchers have confirmed that the group of ligands with selective adhesion to Ag (111) facets can be expanded to many di-and tricarboxylate compounds whose two nearest carboxylate groups can be separated by two or three carbon atoms as compared with previous reports that citrate is the key component.
Multimetallic Nanocrystals
Aside from monometallic nanocrystals bound by highenergy facets, alloy nanocrystals bound by high-energy facets have also been explored. For example, Lee et al. [100] prepared and studied rhombic dodecahedral AuPd nanocrystals (Fig. 8a, b) through the co-reduction of Au and Pd precursors using AA in the presence of CTAC and reported that the rhombic dodecahedral nanocrystals were able to exhibit higher ethanol oxidation reaction (EOR) electrocatalytic activities than {111}-faceted nanoparticles. Here, the SEM image of the as-prepared nanocrystals revealed a rhombic dodecahedral structure with an average edge length of around 48 nm and matched well with ideal rhombic dodecahedral structures which are bound by 12 {110} surfaces. The researchers in this study suggested that the formation of rhombic dodecahedral Au-Pd nanocrystals can result from a kinetically controlled nucleation and growth process and [100] . Source: c-d Reproduced with permission from Ref. [101] that cationic surfactant CTAC as a capping agent can play a pivotal role in the formation of the rhombic dodecahedral Au-Pd nanocrystals with exposed high-energy {110} surfaces. In another example, Huang et al. [101] prepared and studied bimetallic AuPd nanowheels (Fig. 8c, d ) by adding aqueous solutions of HAuCl 4 , Na 2 PdCl 4 , octadecyltrimethylammonium chloride (OTAC) and HNO 3 into a vial, followed by freshly prepared aqueous solution of AA, and quickly stirred. The resulting mixture was subsequently stirred at room temperature for another 3 h to obtain the desired product. In this study, the researchers reported that the use of HNO 3 was pivotal in the formation of AuPd nanowheels in which if HNO 3 was left out of the reaction mixture or replaced with HCl or H 2 SO 4 , AuPd nanowheels could not be obtained. HNO 3 also appears to induce oxidative etching effects which can retard the reduction process. In addition, the researchers reported that OTAC also plays an important role in the synthesis of nanowheels with well-defined shapes and good dispersity in which reactions without OTAC or with smaller amounts of OTAC under otherwise unchanged experimental conditions led to the formation of heavily aggregated particles.
Huang et al. [102] in another study also investigated 2D PdAg alloy nanodendrites (Fig. 9a-e) through the co-reduction of Ag and Pd precursors using AA in the presence of OTAC. Here, it was found that the introduction of OTAC as the structure-directing agent was key in the formation of 2D dendrite structures and that because of the synergistic coupling between the bimetal component and the advantageous nanostructure, PdAg 2D nanodendrites were able to provide excellent electrocatalytic activities for EOR in alkaline solutions (Fig. 9f, g ) that were substantially larger than those of Pd 2D nanodendrites and Pd/C. In addition, the stability evaluations conducted in this study revealed [102] that a specific current of 1200 mA mg −1 was retained even after 10 000 cycles.
Bimetallic or multimetallic dendritic structures have also been investigated for electrocatalytic applications. For example, Wang et al. [103] conducted an auto-programmed synthesis of unique Au@Pd@Pt triple-layered core-shell-structured nanoparticles (Fig. 10a, b) consisting of a Au core, a Pd inner layer and a nanoporous Pt outer shell using AA as a reductant and Pluronic F127 molecules as the protecting agent and structure-directing agent. Here, the researchers reported that their synthesis process rationally utilized the temporal separation of Au, Pd and Pt depositions [103] . Source: c-d Reproduced with permission from Ref. [104] . Source: e-f Reproduced with permission from Ref. [105] . Source: g Reproduced with permission from Ref. [106] and can achieve spontaneous step-by-step formation of triple-layered core-shell nanoparticles. In further studies, Pt-on-Pd bimetallic nanodendrites [104] (Fig. 10c, d ) and Pd@Pt nanoparticles with concave surfaces [105] (Fig. 10e,  f) have also been synthesized with similar methods using Pluronic F127 and AA. Furthermore, Wang et al. [106] reported that Pt-Pd bimetallic nanocages (Fig. 10g) with a hollow interior and porous dendritic shell can be easily achieved through the selective chemical etching of Pd cores from Pt-on-Pd bimetallic nanodendrites. Here, the researchers reported that in comparison with exterior catalytic sites, the interior catalytic sites were not susceptible to particle agglomeration in catalytic reactions and that the nanoporous shell can allow for the effective use of the inner surface in the hollow nanoparticles, thereby providing great improvements in accessible surface areas. For example, these Pt-Pd bimetallic nanocages were found to be highly active for MOR relative to Pt-on-Pd nanodendrites and Pt black as a result of the abundant catalytic active sites at both the interior and exterior surfaces (Fig. 11) .
Aerogels assembled from metal nanocrystals have also attracted great interest from researchers because of their metallic backbone (enabling rapid electron transfer), large surface area (providing more reactive sites), large open interconnected pores (accelerating mass transfer) and self-supportability (eliminating support corrosion) [107] . Reproduced with permission from Ref. [108] . Source: c-d Reproduced with permission from Ref. [109] Recently, researchers have also reported that hydrogels can form from the in situ reduction of noble-metal precursors with stronger reducing agent NaBH 4 in a simple step without the preformation of adequately stabilized nanoparticles and that pure Pd and Pt hydrogels, and bimetallic PtPd [108] (Fig. 12a, b) and NiFe hydrogels [109] (Fig. 12c, d ) have been synthesized using this method. This hydrogel formation continuously proceeds through a spontaneous assembly involving four main continuous stages from the transient formation of nanoparticles to short nanowires to nanowire networks and finally to the resulting hydrogels. Here, the salts generated during the synthesis process play a key role in hydrogel formation because they increase the ionic strength of the solution and decrease electrostatic repulsion between primary nanoparticles, leading to the rapid anisotropic agglomeration/assembly of the non-stabilized nanoparticles. Furthermore, Liu et al. [108] in their study reported that the specific activity at 0.9 V as a function of Pt content in the aerogel displayed a volcano-type behavior for the oxygen reduction reaction (ORR) (Fig. 13a) and that the Pt 80 Pd 20 aerogel exhibited the highest mass activity, indicating that the Pt 80 Pd 20 aerogel provided the best balance between the free energies of adsorption of oxygen-containing reaction species. In the comparisons of ORR activity for the Pt n Pd 100−n aerogels and Pt/C, it was revealed that Pt n Pd 100−n bimetallic aerogels are highly active ORR catalysts and that the Pt 80 Pd 20 aerogel provided the best performance, with a mass activity that is 5 times higher than that of commercial Pt/C. In addition, further durability test results confirmed that bimetallic aerogels provided much better durability than pure Pd and Pt aerogels as well as commercial Pt/C (Fig. 13b) , in which commercial Pt/C catalysts and pure Pt aerogels showed similar durability with losses of 54% and 56%, respectively, after 10 000 cycles, whereas for the Pt 80 Pd 20 aerogel, the mass activity only experienced a 12% loss relative to its initial mass activity.
Aside from bimetallic electrocatalysts, ternary electrocatalysts have also been reported to be comparatively more active than their original mono-and bimetallic counterparts owing to the addition of a third component which may modify bifunctional, electronic or surfaces train effects of monoand bimetallic catalyst surfaces [51, 110, 111] . Recently, Li et al. [112] developed a method to synthesize surfactant-free trimetallic PdAuNi nanosponges (Fig. 14a, b) with tunable compositions using ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) as the structure-directing reagent and NaBH 4 as the reducing reagent and reported that the resulting PdAuNi nanosponge catalyst displayed outstanding electrocatalytic performances in ethylene glycol and glycerol oxidation reactions (EGOR/GOR) (Fig. 14c-f) . The researchers also reported that among the different catalysts obtained, the Pd 62 Au 21 Ni 17 nanosponge exhibited the highest current density, with 0.090 A cm −2 for EGOR and 0.047 A cm −2 for GOR, which are 2.2-and twofold higher than those of Pt/C (0.041 A cm −2 for EGOR and 0.023 A cm −2 for GOR). In addition, all of the prepared PdAuNi nanosponges in the study displayed slower decay in current density with respect to Pt/C. The researchers in this study also highlighted the importance of EDTA in their process, reporting that only more aggregated and larger segments can be observed in the absence of EDTA.
Conclusion and Outlook
This review aims to provide an overview of the recent progresses in one-pot seedless design, synthesis and development of different metal nanostructures in aqueous solutions at ambient temperatures in terms of their [108] high-performance electrocatalytic applications. Overall, different metal nanostructures with enhanced electrocatalytic performances, including hollow porous structures, high-index facet structures, dendritic structures, 1D structures and 2D structures, have been summarized. And in general, the success of this one-pot seedless approach depends on parameters such as the standard reduction potential of the metal in the aqueous solution and the selection of the reducing agent, oxidative etching agent and surface capping agent, and these parameters can be combined to provide an effective method to determine the final shape of the metal nanoelectrocatalysts. And despite the continuous improvement in the understanding of the cause of nanostructure formation, the chemical origins of these nanostructures remain largely unclear. This is mainly due to the lack of systematic studies to clarify the role of each reagent in determining the structure of the seeds and their growth process, often leading to contradictory conclusions that hinder the elucidation of the true cause of structure formation. This lack of deep understanding into the specific contributions of the reaction components also makes it difficult to reproduce many of the reported results with satisfactory yields and quality because minor unintentional alterations to reaction conditions can easily disturb nanostructure formations. Hopefully, the possibilities discussed in this review can further stimulate creativity and innovation in the one-pot seedless design of novel metal nanostructures in aqueous solutions at ambient temperatures. For example, single atom structures, ultrathin structures, ordered porous structures, defective structures, multidimensional structures and heterostructures using one-pot seedless synthetic routes need to be explored. In addition, more electrocatalytic applications, such as hydrogen evolution reactions, oxygen evolution Source: a-f Reproduced with permission from Ref. [112] reactions, CO 2 reduction reactions and N 2 reduction reactions, need to be carried out. Furthermore, the development of one-pot seedless synthetic routes to construct high-performance electrocatalysts in aqueous solutions at ambient temperatures is a long-term research topic in the field of nanosciences.
